An asymmetric dielectric barrier discharge model is presented for real gas air chemistry using a self-consistent multibody system of plasma, dielectric, and neutral gas modeled together to predict the electrodynamic force imparted to the working gas. The equations governing the motion of charged and neutral species are solved with Poisson equation using finite element method using a Galerkin weak formulation. Electric field profile changes with the increase in grounded electrode and the density increases downstream. The electrodynamic force development mechanism is studied over a flat plate due to charge and neutral species production from adjacent air in a radio frequency driven barrier discharge. The time average of the force shows mostly acceleration above the actuator. Numerical simulation confirms that the magnitude of force increases very slightly with the increase in the length of grounded electrode.
I. INTRODUCTION
Electrodynamic modifications of air flowing around flat plates and air craft wings have been documented both experimentally and numerically. [1] [2] [3] These are primarily surface barrier discharges using asymmetric configurations of electrode sets. The symmetric configuration of electrode sets can produce flow oscillation similar to synthetic jets. For plasma actuators with spatially displaced electrodes the airflow inducement is close to the dielectric surface with a time averaged flow velocity measured between 1 and 3 m / s. These actuators exhibit several benefits in active flow control applications, including absence of moving parts, rapid on-off deployment, and attractive self-limiting characteristics. The discharge may be characterized as transient with a time scale of the order of a few microseconds while that for the bulk gas flow is in milliseconds. This allows the fluid to respond relatively instantaneously to the electrical inputs. Experimental study and numerical predictions on the effect of different discharge parameters such as applied voltage wave form, distance between electrodes, dielectric thickness, and permittivity are documented by various researchers. 4, 5 These results show that the volumetric body force increases as a function of frequency and applied voltage. The parametric relationship is not clear and is an area of continued investigation. Also the nature of the plasma gas interaction is not well understood. Acoustic measurements of the dielectric barrier discharge ͑DBD͒ plasma actuator 6 suggest that compressibility effects may contribute in the momentum coupling between plasma and neutral gas. Specific modality of discharge whether it is glow, Townsend, or streamers will help determine how the body force is transported from charge to neutral species. The effect of this body force in controlling threedimensional laminar and transitional flow structures has been studied utilizing both phenomenological and first-principles models.
Phenomenological and circuit based models have shown some success in mimicking overall electrical characteristic of the discharge but are fundamentally limited from inherent static and/or predetermined charge imposition. 7 The firstprinciples models suitable for capturing detailed dynamics are also computationally challenging. For example, the surface barrier discharge in these actuators consists of repeated burst of microdischarges which appears as an optical glow due to nanosecond time scales. Resolution of a typical microdischarge driven by electron decay requires running simulation at a time scale of picoseconds or lower, thus imposes practical restriction to ever reaching the fluid time scale which is in milliseconds. Recent development of a loosely coupled fluid plasma formulation 5, 8 has shown reasonable success in describing radio frequency ͑rf͒ powered electrohydrodynamic ͑EHD͒ control of NACA wing stall, laminar separation over a ramp, boundary layer transition on a flat plate, and turbulent separation over a wall-mounted hump. The plasma equations are based on a self-consistent simulation of charge species continuity and electric field equations. Once the reasonable periodicity is achieved in plasma characteristic, the temporally resolved EHD force is employed into the fluid equations to predict the effect of plasma in flow actuation. Interestingly, for moderate Reynolds numbers either coflow or counterflow pulsed actuators with sufficiently high frequency ͑kHz͒ were found to mitigate wing stall. 9 Unsteady flow actuation with a duty factor seemed to perform better than continuous operation of the rf plasma actuator. These results underscore the importance of accurately resolving the unsteady body force and understanding its transition and turbulence enhancement mechanisms for effective plasma actuation.
Numerical simulations of an asymmetrically arranged DBD actuator employing multispecies hydrodynamics 5 and particle-in-cell and direct Monte Carlo ͑PIC-DSMC͒ methods 10 by independent research groups have found that ionization is not equal during positive and negative parts of the alternating cycle producing a net force in one direction.
Recently, the dc corona discharges and ac dielectric barrier discharges have been investigated under a range of operating conditions. Adjustment of the actuator geometry, dielectric materials, power frequency, and rms voltage shows improvement in power transferred to the neutral gas flow by ionneutral collisions. Also power losses due to inadequate impedance matching of the power supply to the actuator, dielectric heating, and power required to maintain the atmospheric pressure plasma have been reduced for better performance of actuator. 4 In our earlier work, we have shown that electron deposition downstream of the overlap region of the electrodes results in formation of virtual negative electrode which always attracts the ions. The force on the charge separation is in the positive x direction during most of the positive half of the rf voltage and in the negative x direction during most of the negative half of the rf voltage. The magnitude of the former force is higher than the latter. Thus, domain integration of the force on the charge separation and time average of the force was found primarily to be in the positive x and negative y directions. We solved the equations governing dynamics of electrons, ions, and fluid to obtain spatiotemporal profiles of electron density, ion density, electric potential, neutral gas density, and neutral gas velocity. We documented how the EHD force is controlled by the dielectric characteristics, applied voltage, frequency, the asymmetric configuration of the electrodes, and thickness of the exposed electrode. Additionally, we utilized the force field calculated from the first principles 5 to predict the effect of increasing number of electrodes on the wall jet while the electrodes are kept at a single phase and at a phase gap. The momentum transfer to the gas was also predicted for varying the distance between the powered electrodes.
Recently we have presented a real gas model with airlike N 2 /O 2 mixture and have shown preliminary results. 11 In this paper, we summarize our recent developments with the atmospheric barrier discharge model for eight species of airlike medium and the generated EHD force interactions over a flat dielectric. This paper is organized as follows: Sec. II describes geometry of the plasma actuator, the problem statement and air chemistry is given in Sec. III, initial conditions and boundary conditions are given in Sec. IV, computed results and discussion are given in Sec. V, and finally Sec. VI summarizes the conclusions. Figure 1 shows schematic of an asymmetric single dielectric barrier plasma actuator. It consists of two electrodes separated by a dielectric. The upper electrode is exposed to the air while the lower electrode is placed underneath the dielectric. The region simulated is 4 cm long and 1 cm high. The lower part of the domain consists of a 0.1 cm thick insulator with relative dielectric constant r = 10 while the upper part is filled with air of relative dielectric constant r = 1.0055. We have assumed negligible thickness for electrodes. We have studied two cases in this paper, one with a small grounded electrode and the other with a long grounded electrode. The powered electrode extends from x = 1.7 cm to x = 1.9 cm at y = 0.1 cm for each case, the grounded electrode is from 2.1 to 2.3 cm for small grounded electrode case, and from 2.1 to 3.1 cm for long grounded electrode case. The grounded electrode is at y = 0, with a 0.2 cm gap between rf and grounded electrodes along the x axis for both the cases. An alternating voltage of = 1000 sin͑10 000t͒ V is applied to the exposed electrode.
II. GEOMETRY DESCRIPTION

III. AIR CHEMISTRY
For the air chemistry we neglect the metastable species along with N 4+ and O 4+ due to their extremely high recombination rates. Also, the numerical complexity is further simplified by excluding nitrous oxide at this stage. The model equations governing chemistry of discharge are as follows.
12
͑1͒ Nitrogen model:
dissociative recombination e + N 2 + → N 2 . ͑1c͒ ͑2͒ Oxygen model:
The drift-diffusion form of continuity and Poisson equations for the electrons, ions, and neutrals are as follows: 
with momentum flux n ␣ v ␣ = −sgn͑e͒n ␣ ␣ ٌ − D ␣ ٌ n ␣ , and electric field E =−ٌ. The electron temperature is calculated from E = k B T e / ٌ͑n e / n e ͒, which is obtained assuming an initial Boltzmann distribution, n e ϰ exp͑e / k B T e ͒. Various rate coefficients k 1 , k 2 , ... ,k 8 related to in Eqs. ͑1a͒-͑1c͒ and ͑2a͒-͑2e͒ are obtained from Kossyi et al. 12 as functions of electron temperature. The secondary electron emission from the exposed surface is taken as a function of incident electron energy 13 and remains small, i.e., less than 10 −3 . No material sputtering of the surface is considered. In Eqs. ͑3͒-͑11͒, n ␣ and v ␣ are density and velocities of species ␣. The mobilities ␣ and diffusion rates D ␣ are taken from Ellis et al. 14 The bulk density of the air is taken to be 1.3 kg/ m 3 . Atmospheric ratio of 3.6 is taken for nitrogen to oxygen gas molecules.
IV. NUMERICAL DETAILS
The self-consistent formulation is solved using a Galerkin variational formulation based finite element method to obtain electron, ion, and neutral species densities of nitrogen and oxygen, and the electric potential. The details of the numerical procedures are given in our earlier work. 15 An adaptive time step size was taken with the smallest step of one-hundredth of the dielectric relaxation time scale. Also for this problem, we used the smallest element thickness of the order of Debye length about the powered electrode.
Initial and boundary conditions are as follows. The all initial particle concentrations, except those of the electrons, nitrogen, and oxygen molecules, are taken to be zero. Initial oxygen molecule density is taken as 10 26 /m 3 nitrogen density is taken as 3.6ϫ 10 26 /m 3 , and the electron density is taken as 10 4 /m 3 . Initial rf potential is also zero. These initial conditions have been chosen to match with near atmospheric conditions. The solution will be sensitive to the initial conditions; however, we report the results for the initial conditions chosen.
Boundary conditions for Poisson's equation are as follows: The potential is applied to the exposed electrode with = 1000 sin͑10 000t͒ V. The embedded electrode is grounded. Electric insulation condition ͑normal component of electric field equal to zero͒ is assumed at outer boundaries of the domain. Electric field normal to the dielectric surface is discontinuous by the separated charge.
Boundary conditions related to air species continuity equations are as follows: the currents flow normal only to the rf electrode since it is an equipotential surface. Homogeneous Neumann conditions are applied to the outer edges of the domain and electric insulation is assumed at the surface of the dielectric. The currents flow normal as well as parallel to the dielectric surface.
V. RESULTS AND DISCUSSION
Discharge in the air starts as we switch on the rf voltage. Different ion and neutral species are formed through ionization, dissociation, dissociative attachment, etc. Recombination also occurs. Full chemistry of different species formation and recombination is described by Eq. ͑1͒ and ͑2͒. The simulation results at the tenth cycle are given in Figs. 2-8 . Figure 2͑a͒ shows variation of charge separation n q = n O 2 + + n N 2 + − n e − n O − as a function of normalized time t for x = 1.9 cm and y = 1.1 mm. Steady state is reached within a few cycles. The highest value of charge separation is near positive peaks of the cycles. − are much heavier than that of electrons and its mobility is low; response is slow. Figures 4͑a͒ and 4͑b͒ show electron and negative oxygen ion densities, respectively, as a function of x for small and long grounded electrode cases. The tip of rf electrode is at x = 1.9 cm. The peak of density is slightly before the tip of the rf electrode. Electric field direction and negative charge of these species are responsible for this location of densities. Density decreases sharply with the increase in the value of y. Electron and negative oxygen ion peak density is much higher for small grounded electrode than that for long grounded electrode.
The nitrogen atoms are produced through dissociation given by Eq. ͑1b͒ and its density is governed by continuity equation ͑4͒ coupled with other equations. Figures 5͑a͒ and 5͑b͒ show distribution of nitrogen atom density at positive peaks of the tenth cycle for small grounded electrode and long grounded electrode. The density of nitrogen atoms grows to a level of nearly 1.5ϫ 10 16 /m 3 for both small grounded electrode case and long grounded electrode case. Since nitrogen atoms do not have any charge, no electric force works on these atoms. Their dynamic response time is very slow and these remain nearly at the same location where produced. The distribution is symmetric with respect to the x axis. The oxygen atoms are produced through dissociation of oxygen molecules given by Eq. ͑2b͒. The chemistry of oxygen atom formation is governed by Eq. ͑8͒ and its density is governed by continuity equation ͑14͒ coupled with other equations. Figures 5͑c͒ and 5͑d͒ show density profile of oxygen atom O at the positive peak of the cycle for small grounded electrode and long grounded electrode. The density of oxygen atoms grows to a level of nearly 3.5ϫ 10 16 /m 3 for both small grounded electrode case and long grounded electrode case. The density of oxygen atoms is higher than that of nitrogen atoms due to the difference in rate coefficients related to the formation of nitrogen and oxygen atoms. Density profiles of both nitrogen and oxygen atoms are similar to each other because both are neutral atoms, do not respond to electric field, and remain at the location of production. The highest density of these neutral atoms is in between the two electrodes. Peak densities of nitrogen and oxygen atoms are higher than that of other species because these neutral species do not move from the location of production due to electric field.
The nitrogen ions N 2 + are produced through ionization of nitrogen molecules given by Eq. ͑1a͒. Its density is governed by continuity equation ͑6͒ coupled with other equations. Figures 6͑a͒ and 6͑b͒ show distribution of nitrogen ion density n N 2 + at the positive peak of the tenth cycle for small grounded electrode and long grounded electrode cases, respectively. The density of nitrogen ions N 2 + grows to nearly 8 ϫ 10 14 /m 3 for both small grounded electrode case and long grounded electrode case. The oxygen ions O 2 + are produced through ionization of oxygen molecules. Chemistry of oxygen ion O 2 + formation is given by Eq. ͑4͒ and its density is governed by continuity equation ͑10͒ coupled with other equations. The density of oxygen ions O 2 + grows to nearly 3 ϫ 10 13 /m 3 for both small grounded electrode case and long grounded electrode case. Figures 6͑c͒ and 6͑d͒ show distribution of oxygen ion density O 2 + at the positive peak of the tenth cycle for small grounded electrode and long grounded electrode, respectively. The N 2 + and O 2 + respond to electric field in a similar manner; hence, their density profiles are similar to each other. The peak of ion density is observed very close to the corner of rf electrode near the dielectric surface. The nitrogen and oxygen ions are concentrated in the sheath region about the electrodes. The difference between density levels of nitrogen and oxygen is because of the ratio of parent gas molecules in atmospheric air and difference in rate coefficients. The nitrogen ions are repelled from the area of rf electrode and are attracted towards grounded electrode during the positive part of the cycle. The response of negative ions to electric field is opposite to that of positive ions. Ion mass and motilities are different for different air species; hence their velocities are different. This gives rise to Figures 7͑a͒-7͑c͒ show positive nitrogen ion, positive oxygen ion, and charge separation densities, respectively, as a function of x for both small and long grounded electrodes. The peak of density is very close to the tip of the rf electrode. The strength and direction of electric field and charge of these species are responsible for this location of densities. The density decreases sharply with the increase in the value of y. The peak ion densities are comparable for small grounded electrode than that for long grounded electrode. The direction of electric field changes with the increase in the length of grounded electrode in such a way that the density of species increases downstream. Figure 8 shows spatial distributions of vectors of time average of electrodynamic force for small ͑in the left͒ and long ͑in the right͒ grounded electrode cases. We have given the vectors of time averaged force due to positive ions ͑a1, b1͒, negative species ͑a2, b2͒, and then due to all charged particles ͑a3, b3͒. The average force due to the negative ions is small as compared to that due to the negative ions and is in the opposite direction over the cycle. Thus the effective time averaged force due to all the charged species is smaller than that due to positive ions alone. The force is strong between two electrodes due to high electric field. A larger submerged electrode leads to an increase in the x component of electric field and leads to a larger volume discharge ͑see Ref. 4 , Fig.  20͒ . The magnitude of force that is higher during the positive part of the cycle is higher than that during the negative part of the cycle; hence, the net force is in the positive x direction. The direction of force is from rf electrode to grounded electrode. The magnitude of electrodynamic force is slightly higher for the long electrode case than that for the short electrode case. The magnitude of the y component of force decreases and the x component increases with the increase in the length of grounded electrode. The x component of force increases which will translate to a small increase in velocity. This trend also matches with reported experimental results. 4 The time averaged force is always positive and pushes the bulk air in the forward direction.
VI. CONCLUSIONS
Air discharge has been studied using an asymmetric dielectric barrier plasma actuator. A self-consistent plasma actuator model is employed to study surface discharge of air. Chemistry of formation of different ion and neutral species of nitrogen and oxygen has been taken into account. Species with very high recombination rates and nitrous oxide have been neglected for simplicity. Continuity equations governing densities of electrons, ions, and neutral species of nitrogen and oxygen are solved with Poisson's equation using a two-dimensional finite element based formulation of plasma to obtain spatial and temporal profiles of densities and voltage. Oppositely charged species move in the opposite directions due to applied driver rf potential which gives rise to charge separation. Poisson's equation governs electric field generated due to charge separation. The response of electrons to electric field is very fast as compared to ions due to small mass and high mobility of electrons. Density profiles of nitrogen atoms and oxygen atoms are symmetric to the x axis and are similar to each other because these do not respond to electric field. Density profiles of N 2 + and O 2 + are similar to each other at the positive peak of the cycle because both respond to electric field in a similar manner. There is, however, difference in the level of ionization of different species due to difference in density of parent air molecules and rate coefficients. The values of charge separation n q = ͑n O 2 + + n N 2 + − n e − n O −͒ and the electrodynamic force per volume F = e͑n N 2 + + n O 2 + − n e − n O −͒E have been obtained. The average force due to the negative ions is small as compared to that FIG. 7 . ͑Color online͒ The N 2 + , O 2 + and q density ͑m −3 ͒ as a function of x for small ͑ys͒ and long ͑yL͒ grounded electrodes. Here x is in cm.
due to the negative ions and is in the opposite direction. The total average force due to all the charged species is smaller than that due to positive ions alone. The time average of the force is in the positive x direction over the domain; therefore, there is an average net force on the plasma in the positive x direction. This will result in a moving wave of plasma over the dielectric surface in the positive x direction which can find application in flow control. We have also investigated effect of change in length of grounded electrode on density profiles of species and on electrodynamic force. Electric field profile changes with the increase in grounded electrode and the density downstream increases. The magnitude of the force slightly increases with the increase in the length of grounded electrode but more investigation is needed to verify the trend for very large grounded electrode. 
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